The plant pathogenic bacterium Xanthomonas citri subsp. citri (Xac) is the causal agent 22 of Asiatic Citrus Canker, a serious disease that affects all the cultivars of citrus in the 23 subtropical citrus producing areas worldwide. There is no curative treatment for citrus 24 canker, thus the eradication of infected plants constitutes the only effective control for 25 the spread of Xac. Since the eradication program in the state of São Paulo, Brazil, is 26 under threat, there is a clear risk of Xac becoming endemic in the main orange 27 producing area in the world. Here we evaluated the potential use of alkyl gallates to 28 prevent Xac growth. These esters displayed a potent anti-Xac activity similar to 29 kanamycin (positive control) as evaluated by the Resazurin Microtiter Assay (REMA).
Wild-type and mutant strains of Xac were treated with the alkyl gallates for 6h at 30 o C, 148 and immobilized onto agarose-covered slides for microscope observations as previously 149 described (27) . Cells were visualized using an Olympus BX-61 microscope and 150 documented with a monochromatic XM-10 camera. Image processing and analyses 151 were conducted using Cell-F (Olympus).
153
Pathogenicity tests 154 The host citrus used was cultivar Pera Rio of sweet orange (Citrus sinensis L. Osbeck), 155 kept under greenhouse conditions at 25-35 o C. For the infiltration tests, Xac was 156 cultivated in LB until the O.D.600 nm of ~1; cells were diluted to 10 5 CFU/mL in LB 8 suspensions were infiltrated on the abaxial surface of leaves using hypodermic syringes. 159 Symptoms were observed during the course of 3 weeks. All the tests were performed in 160 triplicates. 161 For the post-infection test, Xac cell suspensions were diluted to 10 8 CFU/mL in 162 LB; leaves were inoculated by the puncture method in which needles are rapidly 163 immersed into the cell suspension following the perforation of the leaves from the 164 abaxial surface. After the development of symptoms, in up to 4 weeks, ~5 µL of the 165 compounds at 2 mg/mL were dropped onto the lesions, and exposure took place for 30 166 min at room temperature. Forty eight hours after the treatment, lesions were removed 167 individually from the leaves, macerated in 1 mL of 1X-PBS and the number of viable 168 cells in the suspensions was determined by plating on NYG-agar. In order to evaluate the potential of alkyl gallates to inhibit growth of Xac, cells were 178 cultivated and exposed to different concentrations of gallic acid (Table 1 , 1) and a 179 collection of gallic acid alkyl esters (3,4,5-trihydroxybenzoates) (2-16), followed by the 180 evaluation of their inhibitory activities using the REMA assay ( Fig. S1 ; supplemental 181 material). In table 1, we also summarize the Minimal Inhibitory Concentration (MIC) 182 values of these compounds, which were determined within the concentration range 183 varying from 3.9 to 1000 µg/mL. From the sixteen compounds tested, fourteen alkyl 184 gallates (2−15) were able to inhibit bacterial growth. Gallic acid itself was not active 185 against Xac, exhibiting a MIC value of 500 µg/mL (2940 µM). On the other hand, 186 methyl gallate (2) showed a MIC of 62.5 µg/mL (340 µM), which was approximately 8 187 times more potent than gallic acid (1). This observation supported the idea that the 188 esterification of the carboxyl group on gallic acid structure was an important criterion 189 for the anti-Xac activity, which encouraged us to further investigate other derivatives 190 esterified with linear and ramified alcohols from C2 to C14. Among these, the 191 compounds that carried side chains ranging from 9 to 11 carbon atoms (12-14) 192 displayed the most potent activities against Xac. Undecyl gallate (14) for instance, 193 showed the more prominent effect with a MIC value of 15.6 µg/mL (48 µM), which Considering that lipophilicity is an important property for the development of Table  10 1). By comparisons of the determined MIC values with the C log P values, we noticed 201 that the anti-Xac activity of the alkyl gallates was associated to their lipophilicity.
202
Highly lipophobic gallates (2-7), which exhibit C log P values ranging from 0.92 to 203 1.95, as well as the highly lipophilic dodecyl gallate (15, C log P = 5.30) had an overall 204 weak antibacterial effect. The anti-Xac activity then increased in conjunction with an 205 increase in the number of side chain carbons until reaching a peak, here represented by 206 undecyl gallate (14, C log P = 4.90). Subsequently, we documented a diminished effect 207 for dodecyl gallate (15, C log P = 5.30), which preceded the approach of a cutoff 208 represented by tetradecyl gallate (16, C log P = 6.09).
209
Finally, in order to test if the compounds had bacteriostatic or bactericidal 210 activities we attempted to propagate the cells in LB-agar after the treatments. As a 211 result, we could not detect cellular growth following treatment with chemicals in 212 concentrations where REMA indicated 100% inhibition; hence, we conclude that the 213 alkyl gallates eliminated bacterial viability. The colonization of the host is a vital process to survival of any pathogen, therefore, we 217 wanted to evaluate if the treatment of Xac cells with the alkyl gallates would impair 218 their ability to multiply in artificially inoculated plant tissues, and to produce the typical 219 symptoms of citrus canker. Leaves of sweet orange, cultivar Pera Rio, a susceptible 220 host, were infiltrated with Xac cell suspensions (10 5 CFU/mL) after treatment with the 221 substances at MIC 80 , and followed for a period of 3 weeks in order to score for the 222 appearance of symptoms. The reason to use the MIC 80 was to ensure that after concentration of the compounds, to be evaluated in their ability to colonize the host 225 citrus.
226
The typical canker lesions induced by the untreated cells (control) can be 227 characterized by hyperplasia and hypertrophy on the region of the inoculum, which is 228 frequently surrounded by a chlorotic halo ( Fig. 1A) . Six of the substances tested (Table   229 1: 6-10 and 12) completely precluded the ability of Xac to produce disease symptoms 230 (1B). The alkyl gallate 11, although active, induced only a partial reduction of the 231 symptoms. The remaining chemicals did not induce any detectable alteration on the 232 colonization/virulence phenotype of Xac. Note that the infiltration of the compounds 233 alone or with 1% DMSO did not produce any lesions on leaves. In addition, the 234 treatment of Xac with DMSO (without any alkyl gallate) did not reduce the virulence of 235 the bacterium (1A).
236
Irrespective of their mechanisms of action, the alkyl gallates 6-10, and 12 direct 237 or indirectly impaired the ability of Xac to colonize a susceptible host, demonstrating 238 that these compounds confer substantial protection against Xac infection. In order to 239 evaluate their potential to heal diseased leaves we treated citrus canker lesions 240 individually with the compounds 6-10, and 12 ( Fig. 2) . Host leaves were perforated 241 with needles previously immersed in Xac cell suspensions and upon the appearance of 242 symptoms, ~5 μL of the alkyl gallates 6-10 and 12 (at 2 mg/mL) were dropped onto the 243 cankers. Forty eight hours post-treatment, the alkyl gallates 6, 7, 9, 10 and 12 operated a 244 significant reduction of the bacterial population inside the lesions. The compounds 6, 7, 245 10 and 12 showed a reduction of practically one order of magnitude in the bacterial 246 count, and were as effective on the lesions as the positive control kanamycin (also at 2 247 mg/mL) (compare the Log of CFU/mL determined for the controls, DMSO-treated and untreated lesions, with the ones for kanamycin and the compounds). Compound 9 was 249 the most prominent of the alkyl gallates tested, showing a reduction of the bacterial 250 population of almost 2 orders of magnitude. The only exception was compound 8, 251 which was active at precluding host colonization and unable to act on post-infection. 252 Altogether, data show the potential of alkyl gallates to treat affected plant tissues.
254
Alkyl Gallates induce an increase in cell length 255 To investigate the possible mechanisms of action of the alkyl gallates we studied the 256 effects of these compounds on cell morphology. In these analyses we looked for signs 257 of division arrest and/or chromosome segregation defects, which can normally be 258 translated as increased length and cell filamentation phenotypes.
259
Wild type cells of Xac were treated for 6h with the 14 compounds to which we 260 observed a concentration-response pattern in the REMA assays above (Table 1 : 2-15). 261 The treatment of Xac with the alkyl gallates generated aberrant phenotypes such as cells 262 showing septum misplacement, judged by the fact that constrictions were formed in 263 places other than in the middle of the rod, and some rods with extremely increased 264 cellular volume (data not shown). Since these phenotypes were documented rarely 265 following an exhaustive inspection of the samples we decided to use a more tractable 266 measurement to detect morphological variations. First, we performed pairwise visual 267 comparisons of treated and untreated cells, which enabled us to detect alterations in cell 268 length ( Fig. S2 ; supplemental material). Secondly, to facilitate the evaluations, we ZapA localization pattern, which corresponds to a fluorescent septum between dividing 310 rods (Fig. 3A, arrows) . When the cells were exposed to the alkyl gallates, compounds 9, 311 10, and 11 induced a complete disruption of the septa (Fig. 3B) , where the GFP-ZapA 312 fluorescence signal got dispersed throughout the cytoplasm. Note that the treatment 313 with some compounds (e.g. alkyl gallate 11) induced an apparent contraction of the 314 cytoplasmic content in a few cells (3B, asterisks in phase contrast microscopy, PhC).
315
Only cells with normal aspect (3B, marked with black and white crosses) were with the alkyl gallates 9, 10, and 11 continued to grow in size (see previous section), 320 which indicates that they are metabolically active, however, not dividing normally. 321 Given the fact that in REMA we noticed a clear peak of anti-Xac activity around 322 the compound 13, which could be related to its carbon side-chain, we wondered if it 323 were possible to extend our window of compounds targeting the septum by evaluating 324 alkyl gallates with shorter carbon side-chains as well. As a result, we found that 325 compound 8 was also able to disrupt the septal structure (3B), even though this 326 substance did not promote any significant alteration in cell length (see previous section). 327 Rod elongation may also occur in response to chromosome segregation defects, 328 and in this sense, the ParB-GFP/DNA complex, which is known to form a centromere- with the origins, and the centromere structure formed can be seen by fluorescence 336 microscopy as two foci, each close to a cell pole (37, 38) . Xac also exhibits a ParB-GFP 337 localization profile (Fig. 4A, arrows; A.P. Ucci and H. Ferreira, in preparation) that 338 resembles the ones documented for B. subtilis and perhaps C. crescentus (37-39). Upon 339 treatment with the alkyl gallates, we found that four substances (Table 1: 9-11 and 13 ) 340 showed activity against the ParB-GFP/DNA complex (Fig. 4B ). Time course of 341 treatment showed that this complex is fairly stable, taking an average of 4h to be 342 disrupted by the compounds (the equivalent of two doubling times for Xac). This is Xac.
351
Among the four compounds that disrupted septum (8-11), three also acted on the 352 centromere (9-11), which raises the possibility that they may target a factor(s) or The plant pathogen Xanthomonas citri is the causal agent of citrus canker, a severe 358 disease that affects cultivars of citrus worldwide and represents a major threat to one of 359 the most important economic activities in Brazil. Eradication of entire orchards with 360 trees infected by Xac is the only effective control to prevent the spread of the disease to 361 new areas, however, the obligation to do so based on legal governmental actions has led 362 to many disputes, generating too much discontent specially among the orange growers 363 (3). Citriculture in the largest orange producing area in the world, the state of São Paulo, 364 Brazil, seems to be shifting from eradication to an integrated management system (7), 365 where any help to control citrus canker will make the difference. Here we show the FtsZ and eukaryotic tubulins (49, 50)) there are still considerable differences among 407 them to allow for the development of bacteria-specific inhibitors. Here, we found that 408 the compounds 8-11 were able to disrupt septum formation in Xac (Table 3) . Besides, 409 we demonstrated that Xac cells treated with such substances were unable to colonize the 410 host citrus, which showed their potential to protect against this plant pathogen. At the 411 moment, it remains unknown whether the disappearance of the septum induced by these experiments to assess the direct action of alkyl gallates on FtsZ are needed and will be 415 carried out shortly.
416
Three out of the four gallates that disrupted septum also targeted the centromere 417 of Xac (Table 3 ; 9-11). To show it, we used a Xac mutant strain expressing ParB-GFP 418 (A. P. Ucci and H. Ferreira, in preparation) in which the ParB-GFP/DNA complex (the 419 bacterial centromere) has an easily recognizable localization pattern of two foci per rod, 420 each occupying a region close to a cell pole (Fig. 4) . Upon treatment with the alkyl 421 gallates 9-11, the two discrete centromere foci disappeared and only dispersed 422 fluorescence could be detected within the cells. This observation raised the possibility 423 that a factor/system common to both chromosome segregation and cell division could 424 be the real target for these compounds in Xac. Chromosome segregation and cell 425 division are two essential and interlinked processes in bacteria (34, 52, 53) The present study shows that the alkyl gallates could be grouped according to 439 two main different biological profiles, which probably reflect their action on distinct 440 targets. The first group is represented by those compounds that induced altered cell 441 morphology ( Table 3 : 2-5), but they were unable to interfere with host colonization; 442 furthermore, they showed no detectable influence on the processes of chromosome 443 segregation and/or cell division. The second group (9-11) precluded the ability of Xac 444 to colonize the host citrus, where chromosome segregation and cell division were 445 implicated as the intracellular targets for such compounds. 
